Abstract. The ultrastructure of frog semitendinosus muscle was explored using the freeze-fracture, deepetch, rotary-shadowing technique. Mechanically skinned fibers were stretched to decrease or eliminate the overlap of thick and thin filaments before rapid freezing with liquid propane. In relaxed, contracting, and rigor fibers, a significant number of bridgelike interconnections, distinct from those observed in the M-region, were observed between adjacent thick filaments in the non-overlap region. Their half-length and diameter corresponded approximately to the known dimensions of the cross-bridge (or myosin S-1). The interconnection may thus be formed by the binding of two apposed cross-bridges projecting from adjacent thick filaments. Fixation with 0.5% glutaraldehyde for 5-10 min before freezing effectively preserved these structures. The results indicate that the interconnections are genuine structures that appear commonly in stretched muscle fibers. They may play a role in stabilizing the thick filament lattice, and possibly in the contractile process. New interest has been sparked by a recent report that isolated myosin heads can form end-to-end dimers (21). This observation raises the intriguing possibility that the interconnections may be created by the binding of apposed crossbridges at their tips.
possibly in the contractile process.
electron microscopic study of muscle published some time ago (I 1) drew attention to the presence of runglike interconnections between adjacent thick filaments. These resembled the M-bridges, which interconnect thick filaments at their mid-length, but were located in flanking regions of the A-band. Comparable structures have appeared in other published micrographs (23), but little attention has been paid to them.
New interest has been sparked by a recent report that isolated myosin heads can form end-to-end dimers (21) . This observation raises the intriguing possibility that the interconnections may be created by the binding of apposed crossbridges at their tips.
To observe these structures with improved reliability and clarity, we used the freeze-fracture, deep-etch, rotary-shadowing method (8, 10, 17) . This approach circumvents potential artifacts attendant upon conventional procedures and allows the interconnections to be studied with high resolution.
Materials and Methods
Single fibers were isolated from the semitendinosus muscle of the frog Rana temporaria in Ringer's solution. They were then transferred into a relaxing solution of the following composition (millimolar): KCI, 110; MgCI2, 3; EGTA, 5; ATP, 2.5: imidazole, 10 (pH 7.0). Next, the fibers were mechanically skinned and mounted horizontally in a small experimental chamber (-0.05 ml) submersed in a bath of relaxing solution. One end of the fiber was connected to a fixed support and the other to a hook, movable by the regulation of a coiled spring. Both were integral parts of the experimental chamber.
Initially, the fiber was stretched with the movable hook. Then its central section was carefully sandwiched between two gold plates (Balzers, Hudson, NH), one of which contained a trough, milled to accommodate the fiber. The plates provided mechanical protection during jet freezing and support for the specimen in the fracture machine. Some fibers were left in relaxing solution: others were exposed to a contracting solution (pCa 5.7), prepared by the addition of CaCI2 to the relaxing solution. Still others were studied in the unskinned condition, activated with 80 mM K ÷. (At low temperature, this results in a sustained contracture). The above-mentioned preparations were either lightly fixed with 0.5 % glutaraldehyde for l0 min before freezing or left unfixed.
The experimental chamber (with gold plate sandwich) was removed from the bath, quickly blotted and transferred to a dual jet liquid propane freezing device (designed by Mtiller et al. [22] and modified by J. Gilkey and A. Staehelin), and frozen rapidly by jetting liquid propane at about -190"C.
The experimental chamber was plunged into liquid nitrogen, where the gold plate sandwich was removed and split apart. Samples were stored under liquid nitrogen. Fracturing took place in a freeze-fracture unit (BAF 301, Balzers, Liechtenstein) at <10 -6 tort. After etching for 3-4 min at -95"C, the specimen was rotary shadowed with Pt/C at an angle of 20-40* from the horizontal. Then pure carbon was deposited at 90*. The thickness of the Pt/C layer was estimated from micrographs using images of fused filaments (9) . The shadowed muscle tissue was dissolved by immersion into Clorox household bleach (5.25 % sodium hypochlorite) diluted to 50%.
Replicas were observed using a JEOL 100C electron microscope at 100 kV. Negatives were routinely contact-reversed and then printed to give negative images. Quantitative measurements were made from one representative field per condition.
To confirm earlier reports, some resin-embedded, ultrathin sections, which were prepared from stretched fibers fixed with 2.5% glutaraldehyde and postfixed with 2% OSO4, were also examined. filaments from the A-band. In some parts of the A-band, electron-dense bridgelike structures, similar in appearance to the bridges found in the M-region, are observed between adjacent thick filaments ( Fig. 1 b) . However, the possibility of superposed structures and the presence of noise generated by soluble proteins limited our ability to define these structures more precisely. Fig. 2 a shows a freeze-fracture replica image of sarcomere comparable to that shown in Fig. 1 . Thick, thin, and connecting filaments are well resolved. Filament lengths were 1.58 um (thick), and 0.95 #m (thin), in good agreement with established values. Fig. 2 b reveals additional detail. Many cross-bridges are arrayed helically along the thick filament. The helix is right handed (arrows), and the gyres are inclined at ~30* to the filament axis, in agreement with published values (7, 16, 28) . In addition, interconnections between thick filaments can be seen scattered throughout the field. The most proximal ones occur some 80 nm from the center of the M-region, whereas the most distal ones occur at the ends of the thick filaments (see also Fig. 4 ).
Results

Fig
The characteristics of the interconnections are clearly revealed at high magnification in Fig. 2 c. They are rodlike and run from one thick filament to an adjacent one. Stereo images (_+10") confirmed that the interconnections could not have arisen out of two shorter, superposed structures. After correction for the Pt layer (2.8 nm in this field), the dimensions of the interconnections were -6.5 nm in diameter and -27.5 nm in length. Occasionally, a fine stripe of low electron density, which appears as a dark line on this negative image, was observed midway along the interconnection, implying the fusion of two, shorter structures projecting from adjacent thick filaments.
Measured structural parameters, including dimensions, angles, and numbers ofinterconnections are schematized in Fig.  3 and summarized in Table I. The Table also includes data obtained in the other physiological states described below.
Since not all regions of each micrograph were clear, measurements were restricted to regions in which thick filaments were well defined and clearly separated. Fig. 4 shows a replica from a relaxed fiber that was chemically fixed before freezing. The result is similar to the unfixed case, except that the number of interconnections per unit length is somewhat higher ( Table I) .
Replicas of contracting fibers are shown in Figs. 5 and 6. In the first, contraction was induced by the exchange of relaxing solution for contracting solution. In the second, the single, unskinned fiber was activated by K ÷ at 5"C for 10 s and then lightly fixed in 0.5 % glutaraldehyde contained within the high-K solution for 10 min before freezing. In both cases many interconnections were observed (Figs. 5 and 6).
As shown in Table I , the dimensions of the interconnections in the contracting fibers were similar to those obtained in the relaxed fibers. The distribution of interconnection angles was also in the same range. There was no significant difference between the number of interconnections in the chemically fixed and unfixed contracting specimens; both were the same as the number in chemically fixed, relaxed fibers.
Several additional states were investigated (see Table I ). Fibers frozen in rigor showed interconnections of the same character, dimension, and frequency as in the contracting state. Fibers were also frozen in solutions of low and zero ionic strength to increase the spacing between thick filaments. Again, comparable results were found, except for the longer span between thick filaments and commensurately longer interconnections. In distilled water, despite a remarkable swelling, interconnections were still observed, though fewer in number. Because interconnections could be observed in such salt-free media, the trabeculum-like artifact identified by Miller et al. (19) can be ruled out.
Discussion
Although interconnections between thick filaments have been apparent on electron micrographs for some time (4, 11, 15, 17, 25; see also Fig. 8 of reference 23) , no systematic attempt to confirm these structures has yet been made. The present work has revealed that interconnections between thick filaments are genuine structures that appear under a variety of physiological conditions--in partially and fully stretched fibers, during relaxation, contraction and rigor.
The interconnections were generally rodlike; they were typically four to five times as long as they were wide, though longer interconnections were observed when the interfilament span was larger. Their orientation was primarily normal to the fiber axis, with substantial, apparently random, variation around this mean (Table I) . Differences in physiological states had no notable effect on any aspect of the interconnection, except, perhaps, that their incidence was relatively lower in the relaxed, unfixed state (but see below). Links between filaments could also be observed in the overlap region, but it was difficult to define whether or not they interconnectect thick filaments.
The origin of the interconnection is not yet certain. One possibility is that it is formed by an S-2 "peeling" off a thick filament, thereby allowing the tip of the S-I head to reach the adjacent thick filament. If so, the interconnection should have been considerably broader at one end than at the other. In general, however, the interconnections were relatively uniform along their length.
Another possibility is that the interconnection is formed by the binding of two S-l's, protruding from adjacent thick filaments. Measured dimensions were typically 5.0-6.5 n m in diameter and 12-16 n m in half-length. These values are slightly higher than those for S-I measured from isolated I thick filament myosin molecules (5), but similar to the 5.5 and 12 nm obtained from image reconstruction of S-I binding to thin filaments (20, 29) , a situation closer perhaps to the one in situ. This dimensional consistency gives credibility to the possibility that the interconnection is formed by the binding of two single S-l's at their tips. The stripe of low electron density sometimes observed midway along the interconnection may represent the binding face of the two bridges. Biochemical evidence supports this possibility. There are reports of head-to-head interaction in myosin filaments (26) , and aggregation or dimerization of isolated myosin S-1 (1, 6, 18, 21) . According to Morel and Garrigos (21) , the dimer of myosin S-I predominates in the monomer-dimer mixture under physiological conditions.
An altogether different possibility is that the interconnection is a nonmyosin "strut" (17) , consisting of C-protein. The distribution of C-protein, however, is restricted to a zone in each half sarcomere that begins some 180 nm (2, 27) or occasionally slightly less (3) from the M-region and ends ~250 nm from the filament tip. In contrast, the interconnections observed here extended over the entire length of the filament except for the small central bare zone. Thus, at least some of the interconnections cannot be C-protein struts.
On the other hand, the zone of distribution of interconnections is coincident with the zone of distribution of myosin heads. Furthermore, the interconnections are so dominant in at least some of the micrographs (e.g., Figs. 5 and 6) that it is difficult to envision them as anything other than the most abundant protein in the thick filament, namely myosin. Nevertheless, this assignment must necessarily remain tenta° tive until the chemical composition has been definitively ascertained.
Another noteworthy feature was the interconnection distribution (Table I) . In most instances the repeat interval was close to 43 nm, the value expected from x-ray diffraction (14) . The lower incidence in some cases, including long bare stretches in some relaxed fibers (e.g., Fig. 2 ), could be genuine; on the other hand, artifactual sources must be considered. The strong physical forces associated with ice crystal growth and with fracture may tend to disrupt interconnections. This is supported by the frequently observed destruction of Mbridges (Fig. 2) , by the appearance of "bumpy" regions along thick filaments, where broken interconnections appear to have retracted, and by the absence of reduced incidence in relaxed fibers whose structure had been stabilized with glutaraldehyde before freezing (Table I) .
Several potentially more serious artifacts were also considered. Apparent interconnections could be formed by Pt bridges between structures projecting from adjacent thick filaments but not touching. Since the shadow was 2.0-2.8 nm thick, structures separated by up to 5.6 nm could be so joined. Two observations argue against this. First, unless the complementary projections pointed precisely toward one another, the artificially bridged interconnection should have shown kinks or offsets at their midpoints. Only occasionally were such midpoint kinks apparent (e.g. Fig. 2 c) . Second, interconnections could be found between filaments that were widely separated, either fortuitously or otherwise (low or zero ionic strength). In such instances, the Pt bridge would have had to be an order of magnitude longer than when the interfilament separation was normal.
The possibility that the interconnections are artifacts induced by chemical fixation has been considered by Magid et al. (17) . Since the interconnections could be observed in fibers frozen in the absence of any chemical fixation, this possibility is excluded.
The role of the interconnections is, at this stage, unclear. Certainly these structures will serve to stabilize the thick filament lattice, as suggested earlier (17) . If the interconnections persist in the overlap zone during contraction, then actomyosin interaction may need tobe explained by mechanisms different from the ones currently envisioned (12-14) , for cross-bridge rotation would be implausible. How contractile force might be generated would then be a matter for speculation (24) .
